InSAR technique can measure the surface deformation with the accuracy of centimeter-level or even millimeter and therefore has been widely used in the deformation monitoring associated with earthquakes, volcanoes, and other geologic process. However, ionospheric irregularities can lead to the wavy fringes in the low frequency SAR interferograms, which disturb the actual information of geophysical processes and thus put severe limitations on ground deformations measurements. In this paper, an application of two common methods, the range split-spectrum and azimuth offset methods are exploited to estimate the contributions of the ionosphere, with the aim to correct ionospheric effects in interferograms. Based on the theoretical analysis and experiment, a performance analysis is conducted to evaluate the efficiency of these two methods. The result indicates that both methods can mitigate the ionospheric effect in SAR interferograms and the range split-spectrum method is more precise than the other one. However, it is also found that the range split-spectrum is easily contaminated by the noise, and the achievable accuracy of the azimuth offset method is limited by the ambiguous integral constant, especially with the strong azimuth variations induced by the ionosphere disturbance.
INTRODUCTION
In the low frequency SAR differential interferometry, spatial variations of the electron density level for the ionosphere cause the group delay, phase advance and faraday rotation during the satellite signal propagation, resulting in the generation of wavy fringes in the InSAR interferograms and even masking the surface deformation information, which greatly affects the analysis of earthquake deformation, volcanic movement and other surface movement analysis (Rosen, 2010) . In recent years, several possible methods for the InSAR ionospheric correction have been published, which contains the autofocus techniques to estimate the absolute ionosphere and other techniques to estimate the differential one (Meyer, 2010) . However, the former techniques are not able to capture the relatively small irregularities with sufficient accuracy. The latter are the most common techniques to compensate the ionospheric blurring, which contains the group delay, the Faraday rotation, azimuth offset method, the range split-spectral methods and so on (Gomba, 2017) . The group delay method requires establishing a linear regression between the group delay and the phase advance to estimate the ionosphere phase delay. In fact, the unwanted accuracy of this method is derived for the low precision of the group delay and the low spatial resolution (Brcic, 2010) . The Faraday rotation method exploits the quad-polarized measurements to estimate the Faraday rotation angle and the TEC level. However, the Global application of this method is limited due to the weak magnetic field near the equator (Wright, 2003) . The azimuth offset method employs the approximate linear relationship between the ionosphere-induced azimuth offset and the ionospheric phase delay to suppress the ionospheric contribution (Jung, 2013) . With the dispersive nature of radar signals, the ionospheric phase delay in the microwave signal is inversely proportional to the signal frequency, which can be exploited to estimate the ionospheric phase delay (Bamler, 2005) . Although quite a few techniques are exploited to correct the ionospheric irregularities, an evaluation of their performances and suitability for an operational environment is still missing.
In this paper, we exploit the most common methods which are the range split-spectral method and the azimuthal offset method to estimate the differential ionospheric path delay with the various ground and ionospheric blurring exiting together. Based on the theoretical analysis and an experiment of L-band ALOS PALSAR images, a performance analysis is conducted to evaluate the efficiency of these two methods. The structure of this paper is arranged as follow: firstly, the experimental methods, including range split-spectrum and azimuth offset, are described; then, the experiment is shown. In the end, we analyzed and discussed the result of the experiment.
METHODOLOGY

The Range Split-spectrum Method
Based on the dispersive nature of the ionosphere for radar signals, SAR interferometric phase formed from two SAR acquisitions can be divided into the dispersive phase equals the ionospheric delay phase and non-dispersive phase including the topography, deformation phase and topographic path delay. Two components with different frequency behavior are exploited by the range split-spectrum to separate the ionospheric delay phase from other phases. At first, two non-overlapping sub-bands with slightly different carrier frequencies are generated through a band-pass filter. The phases of sub-band interferograms are as followings (Gomba, 2016) . 
Where Δ = the differential dispersive component Δ − = the non-dispersive component of delay Although the mathematical theory is quite easily understood, one careful operation is quite necessary to be done in the practical implementation. The schematic representation to estimate the differential ionospheric phase delay on SAR interferometry by using the range split-spectrum method is shown in Figure 1 . The practical operation mainly includes three aspects. Firstly, we split the range-spectrum of SLCs to generate the sub-band SLCs and resample them using the offsets from the co-registration of the full-band images; secondly, sub-band unwrapped interferograms using DEM data are used to separate the ionospheric delay phase from other phases through the mathematical transformation. The ionospheric delay phases acquired initially are too noisy to ignore more fine operations to smooth and the phase unwrapping errors should be removed. In the end, the ionosphere-contaminated interferogram is corrected through subtracting the separated ionospheric delay. The achievable accuracy of this method is derived for some operations as followings. The proper bandwidth and the center carrier frequency are quite important to suppress noise amplification and maintain image information. Meanwhile, in order to improve the result, the interferometric coregistration is carefully analyzed to estimate accurate offsets to recover the coherence (Fattahi, 2017) . If the coherence of interferograms formed by sub-bands SLCs are not high enough, an adaptive filter would be required to suppress the noise. Of course, the ionospheric phase delay may be confusing without the step for the correction of phase unwrapping errors. The high accuracy of this method performed here is based on the above operations precisely completed.
The range split-spectrum can correct the error induced by ionosphere at different bandwidth of images theoretically, but the narrower bandwidth requires higher coherence due to the larger noisy amplification in the practical operation. However, interferograms are not absolute phases, and thus the differential dispersive component can be only known to within a constant offset.
The Azimuth Offset Method
The research indicates that there is an approximate linear relationship between the ionosphere-induced azimuth offset and the ionospheric phase delay. Thus, it is capable to use the prominent azimuth offset induced by the ionospheric disturbance on SAR interferograms to suppress the effect of ionosphere. This linear relationship can be constructed just as:
Where Δ = the interferometric azimuth offset = the azimuth direction. ∝= the system-and geometry-dependent scaling factor = the integration constant After estimating these two parameters, the ionospheric phase delay is inverted by InSAR azimuth offset, and then is used to mitigate the ionospheric effects of InSAR. The designed flowchart of Interferometric phase estimation is shown in Figure 2 . For the azimuth offset method, it is important that the azimuthal offset, scale factor and accuracy of integral constant can directly affect the performance of azimuthal offset method. 
EXPERIMENT AND ANALYSIS
Data Collection
On April 14, 2010, an earthquake struck the Yushu in northwest of China. Our study applied L-band ALOS / PALSAR data acquired from the ascending path 487 before and after the earthquake, and the designed interferometric parameters are shown in Table 1 . The
No
In Table 1 , B T stands for the temporal baseline and B P stands for perpendicular baseline. Interferometric pair 1 is disturbed by the ionospheric irregularities but pair 2 is not, so the former pair can be used to evaluate the performance of ionospheric correction for pair 2 by using two methods. Images of pair 2 acquired in two modes, fine beam single polarization (FBS) and fine beam dual polarization (FBD) with different bandwidth. 
Experimental Result of The Range Split-spectrum Method
Based on the GAMMA SAR Software Corporation, the narrower bandwidth of 14-MHZ for FBD mode was applied and thus images of FBS mode was down-sampled in our study. Firstly, the range spectrum of the full-band SLCs was split into two sub-band SLCs with the center carrier frequency of ±3.5 MHz and the bandwidth of 6 MHz. Since the coherence were not high enough, a precise operation of coregistration were required to recover azimuth offsets induced by the ionosphere. Sub-band interferograms generated by 3 and 15 looks in range and azimuth direction respectively, which were carried out a gold-stein filter with the window of 128 to suppress the noise. After estimating the ionospheric phase delay, the correction of phase unwrapping errors needed carefully manipulate and otherwise the results were in unwanted expectation. In order to remove the wrong information generated by points with low coherence, we applied an outlier detection and mask interpolation with the coherence of 0.8, and latter a 2-D Gaussian weighted filter required to smooth the ionospheric phase screen. Figure 4 shows the unwrapped phase of interferometric pair 1, the unwrapped phase of interferometric pair 2, and the unwrapped phase after compensation of range split-spectrum method for the ionospheric phase delay. Table 1 by using the range split-spectrum method. (a) Unwrapped phase for interferometric pair 1 in Table 1 ; (b) unwrapped phase for interferometric pair 2; (c) ionosphere-corrected unwrapped phase for interferometric pair 2 estimated using the range split-spectrum method; (d) phase difference between (a) and (b); (e) phase difference between (a) and (c); (f) the phase values in the profile A-A' of (a)-(c).
Experimental Result of The Azimuth Offset Method
As for the azimuth offset method, the azimuth offset was estimated through Multi-Aperture Interferogram (MAI) technique. Then, the ionospheric contributions on azimuth offsets were separated through directional polynomial fitting. In order to estimate the scaling factor, high coherence points was used. For the integration constant, it was assumed the integration constant as an identical initial value, which is updated by averaging the differences between interferometric phase and initial ionospheric phase delay. After estimation of the azimuth offsets, scaling factor and integration constant, the IPS was estimated and used to correct the ionospheric effect on SAR interferogram (Jung, 2015; Raucoules, 2010) . Table 1 ; (b) unwrapped phase for interferometric pair 2; (c) ionosphere-corrected unwrapped phase for interferometric pair 2 estimated using the azimuth offset method; (d) phase difference between (a) and (b); (e) phase difference between (a) and (c); (f) the phase values in the profile A-A' of (a)-(c).
Comparison with Results of The Range Split-spectrum and The Azimuth Offset Method
Comparison with the phases of pair1 and pair2 suggest that the two methods both can correct the most of long wavelength ionospheric signals. The phase values along profile AA' in Figure 3 and Figure 4 also demonstrate the efficiency of our correction. In addition, the statistical comparison in table 2 shows that the absolute mean and standard deviation of the corrected phase difference for the range split-spectrum method and the azimuth offset method are above 5 times and 2 times respectively, lower than those before correction of the two techniques. From the result, we can also find that the range split-spectrum method for ionospheric correction is more precise than the other one. We can explain it that the former method is based on the phase in rang and azimuth direction but the latter is only based on the phase in azimuth direction. And also azimuth shifts caused by ionosphere and ground motion are mixed together, which makes it a difficult to use the method on strong surface motion.
Method
However, the corrected images still exit the residual ionospheric signals. For the range split-spectrum method of Yushu earthquake, the ionospheric blurring is so strong and lead to not fine azimuth coregistration, which may cause errors and even help the noise amplification by lowering the coherence of interferograms. Moreover, the phases of sub-band interferograms are not absolute and thus lead to the uncertainty of differential ionospheric delay. When using the azimuth offset to mitigate the ionospheric effect on SAR interferometry, this error may be induced by contribution in the estimated azimuth offset and interferometric phase maps. The residual phase contribution is a limitation of two methods for removing the ionospheric effect and need to be suppressed.
CONCLUSION
In this paper, we exploit two common methods to correct the ionospheric irregularities. The result indicates that both methods can mitigate the ionospheric effect in SAR interferograms. Absolutely, the experiment that the range split-spectrum method is more effective than the azimuth offset method in the condition of large surface motion.
However, it is also found that the range split-spectrum method is easily contaminated by the noise especially in the condition of poor coherence, and the achievable accuracy of the azimuth offset method is limited by the ambiguous integral constant. Absolutely, many possible works can be extended in various directions, which are shown in the following. On one hand, azimuth offset method can be used to estimate the small scale precise azimuth offsets to recover the coherence of SAR interferogram. On the other hand, the original ionospheric contribution estimated by the range split-spectrum method can help determine the ambiguous integral constant of azimuth offset method, and find an effective technique to separate azimuth offsets caused by ionosphere from the surface motion to improve the accuracy of the azimuth offset method. Geoscience & Remote Sensing, 53(9), pp. 4952-4960. Meyer, F. (2010) . A review of ionospheric effects in low-frequency SAR -Signals, correction methods, and performance requirements. Geoscience and Remote Sensing Symposium. IEEE, (Vol.38, .
